conditions. (Based on the work of Van Harn et al. [2] , this would indicate maximum emissions of PM 2.5 of 5 g/h. ) Worley et al. [4] and Visser et al. [5] measured particulate and ammonia levels at varying distances downwind from broiler houses. Limitations on the sensitivity of instruments at low levels, along with limitations on available weather data (wind speed or direction), limited the confidence in the results of that study.
As poultry houses have grown in size and number, neighbors and communities have expressed increasing concern over emissions from these buildings. Concern naturally arises over how far from operating poultry houses elevated levels of fine particulates persist. The objective of this study was to investigate PM 2.5 concentrations in the air up to 152.5 m (500 ft) away from tunnel-ventilated broiler houses and compare those levels to ambient conditions.
MATERIALS AND METHODS
The study was conducted on a 4-house commercial broiler farm in northeast Georgia, from July 18 through August 12, 2007. The 12 × 152-m (40 × 500-ft) tunnel-ventilated, droppedceiling houses were orientated east to west with approximately 305 m (1,000 ft) of open pasture located on the east end of the 4 houses. This open area was downwind of both the tunnel exhaust fans and the prevailing winds in this area. The houses were equipped with five 0.9-m (36-in.) side wall exhaust fans and eight 1.2-m (48-in.) tunnel fans, 6 of which were located in the eastern end wall and 1 on either side of the tunnel fan end wall (Figure 1 ). Evaporative cooling was provided by approximately 18 m (60 ft) of 6-in. evaporative cooling pads located on each side wall of the western end of each of the 4 houses.
In this investigation, we incorporated a study design to include conditions which favored maximum emission rates, including high temperatures (July and August) and sampling during the final 4 wk of the 8-wk broiler grow-out cycle. Tunnel ventilation was chosen because it is the most common form of cooling and ventilating broiler houses during the summer months. The tunnel fans were located on the east end of the broiler houses, and sampling equipment was set-up east of the broiler houses. The prevailing winds in this area are generally out of the west (toward the east) so that much of the time, the tunnel exhaust fans are blowing in the same direction as atmospheric winds (toward the monitoring instruments). Smoke tests at this site indicated that the exhaust fans affected the direction of movement of exhaust for approximately 30 to 40 m (100 ft) from the houses. The exhaust ends of the houses were located on fill so that they were elevated above the surrounding soil ( Figure 1 ). Whereas flat terrain would have been ideal, this location provided the best combination of features available at the time. A smoke test ( Figure 2 ) done during the trial showed that the exhaust from the houses tended to follow the ground surface rather than staying at the elevation of the exhaust fans so that the sampling stations were in the path of the particulate plume most of the time.
Approximately 23,500 birds were placed in each of the 4 houses. The litter in the houses had been in place for 2 flocks before the study. The farm manager operated the houses according to standard industry practices.
Weather Data
A weather station (Onset, Bourne, MA) was placed near the houses (Figure 3 ) to monitor temperature, relative humidity, wind speed, and wind direction. This weather station was located in the influence zone of the housing and fans (Figures 1 and 3 ) to address the wind characteristics as influenced by the houses. 
Real-Time PM 2.5 Measurements
Real-time PM 2.5 measurements were recorded beginning July 19 and continued through bird harvest on August 12 using DustTrak aerosol monitors with data loggers [6] ; TSI calibrates the instruments using the ISo 1203-1, AI Test Dust, or the Arizona Test Dust. Particulates different in origin and composition from the Arizona Test Dust scatter light of the DustTrak's photometer to a greater or lesser degree, which causes readings that are different from actual concentrations. To compensate for this difference, a calibration factor must be applied to the output reading [7] . This is accomplished by colocating the DustTraks with a gravimetric time-integrated sampler and running them for the same period of time. The gravimetric concentration is divided by the DustTrak measurement for the same period of time. The resulting average quotient, the calibration factor, is then multiplied by the output data from the DustTrak to obtain the corrected exposure readings. For this study, 2 PQ200 [8] were averaged to obtain the gravimetric exposure that was used in the calibration factor equations.
The DustTraks used in this study were located in the field ( Tygon tubes [9] were connected to the intake of the DustTraks so that sampling was done at approximately 1.5 m above the soil surface. one instrument (east control) was placed at the tree line approximately 302 m (990 ft) to the east in the general downwind direction of house 2. Another instrument (west control) was placed 207 m (680 ft) northwest of house 1. DustTraks were cleaned and zero calibrated before the study and weekly during the study.
Publicly available data taken by the Georgia environmental Protection District [10] using a TeoM 1400ab sampler [11] at a site in Athens, Georgia, was also used as an additional control site. one of the difficulties of a study on outdoor air quality is defining ambient conditions, as ambient conditions can vary greatly in a small area depending on several local phenomenon. Though we did monitor 2 local control sites, we thought it would be interesting to compare our data to another independently monitored site in the general area of the study. The Athens site was approximately 32 km (20 mi) west of the farm and is not near any large animal production units, but is near automobile traffic and residential housing.
Gravimetric PM 2.5 Measurements
Because of necessary last minute adjustments, gravimetric PM 2.5 sampling started 1 wk after continuous sampling, July 27, and continued daily until August 14, 2 d after birds were harvested. one gravimetric sampling station was placed inside a broiler house approximately 7.4 m (24 feet) from the exhaust fans to indicate approximate emission particulate concentration. Additional sampling stations were placed at stations 30S, 61S, 91S, and 152S, and at the east and west control sites described previously. [10] . The SKC pumps were set to a flow rate of 1.5 L/min and programmed to run for 22 h. each pump was placed in a closed toolbox and connected via Tygon tubing to a cyclone sampler that was mounted at a height of approximately 1.5 m (colocated with Dust Trak sampling intakes). After each sampling day, postflows were obtained and average flows for the sampling period were calculated using pre-and postflow measurements. Both pre-and postflow measurements were obtained using a DryCal [15] flow meter.
After the sample interval was completed, the cyclones were placed in Zip-Loc bags [16] and returned to the laboratory, where the filters were unloaded and frozen at 0°C. Filters were acclimated in a climate-controlled room for 48 h before weighing. each filter was weighed twice to obtain an average postweight. The average preweight was subtracted and the result was divided by the intake air volume to calculate the PM 2.5 concentrations. Air density during weighing sessions was corrected for temperature, atmospheric pressure, and nominal densities of calibration masses. Blank filters were used to adjust for the fluctuation of air density in the laboratory [17] .
Data Analysis Criteria
Measurements were taken and recorded on a per-minute basis from the weather stations. DusTraks were sampled every 30 s. All data were then averaged on a 15-min basis for analysis. There were periods throughout the study where PM 2.5 measurements could not be collected at 1 or more of the instrument locations due to instrument malfunctions. As one of the primary objectives of the study was to determine how concentrations varied with distance from the poultry houses, any 15-min period that did not have a data point at each of the 3 distances was not included for analysis. Also, to more accurately represent daily average concentrations, study days that did not have at least two-thirds (67%) of the data present were not used.
Statistical Analysis
Statistical analyses were performed using SAS version 9.1 [18] . Nonparametric tests were used to determine statistical significance. An ANoVA was used to determine model significance, and a Student-Newman-Keuls test was used to determine differences between PM 2.5 concentrations based on distance for both realtime and gravimetric data. Attempts were also made to evaluate correlations between wind direction, wind speed, and time of day versus concentration levels. Figure 4a shows daily average PM 2.5 data for the 2 control stations and the location in Athens. Note that all control station data agree closely with the data from Athens, indicating that the control stations were indeed measuring ambient conditions. Figure 4b shows daily average PM 2.5 data (after filtering) from the stations located nearer the exhaust fans. Data from Stations 30N and 61N were not included because these instruments did not work reliably for much of the study period and we did not get enough data from those positions to report. Though the data do not indicate a clear relationship between distance and concentration, concentrations at 15 and 30 m appear to be higher than the remainder of the stations. It is also evident by comparing Figures 4a and 4b that background (ambient) concentrations have a large effect on the results; examining the peaks on July 27 and August 4 to 8 shows that only the 15-m readings are slightly higher than background levels.
RESULTS AND DISCUSSION

Continuous PM 2.5 Data
The highest daily averages observed were in the range of 30 to 45 µg/m 3 . These observations were during periods of the highest background conditions and when the winds were generally from the direction of the houses. Note that on the same days these readings were taken, the Athens station recorded levels of approximately 40 µg/m 3 . Note also that the wind direction on those days was primarily from the west, so particulate matter from the metro Atlanta area (a nonattainment area) may have affected both the Athens readings and the readings from the farm.
Attempts were made to find correlations between distance from house, time of day, wind direction, and wind speed versus concentrations, but none were found. All of the data collected were on the lower end of sensitivity of the instruments, and with the very low levels observed in the study variations in readings seemed to overwhelm any effect from other factors. We suspect that if our instruments had been accurate and sensitive enough at these low levels, and if we had obtained efficient data, we would have been able to demonstrate correlations, but based on the data taken we were not able to show any statistical relationships.
Gravimetric PM 2.5 Data
Gravimetric data was considered to be the more reliable than continuous data because of the nature of the instrumentation, although it does not show any information about diurnal variation or peak levels. Figure 5a shows daily average concentrations for the 2 control sites and the in-house site; also included for comparison is the data from the Athens site. Wind direction is also shown as an azimuth from north so that 270 is equivalent to a wind from due west, 180 is a wind from due south, and so on; daily totals for each distance were used to calculate an average over time. Note that the control site data compare favorably to the data from Athens and that the gravimetric data indicate the same peak levels on August 4 to 8 as seen in the real-time data. Data from locations near and downwind from the poultry houses are shown in Figure  5b . The closest site to the house (30 m) has the highest concentrations, but these concentrations are much lower than in-house concentrations. In-house concentrations are typically more than double ambient concentrations. Again, data generally agree with real-time data shown in Figure  4b .
The last 2 d of gravimetric data displayed in Figure 5b show readings after birds were harvested and exhaust fans were turned off. There were no significant differences between any of the locations on these days and all readings were low (25-30 µg/m 3 ); however, note that ambient readings were also low during those 2 d.
Average PM 2.5 concentrations for the study period were significantly affected by distance at locations very close to the broiler houses (Figure 6 ). The data illustrated in this figure were obtained by averaging all gravimetric values at a given location over the duration of the study. The daily in-house average (71.68 ± 13.4 µg/m 3 ) was significantly higher than any distance measured and significantly higher than the control sites. At a distance of 30 m (100 ft) from the broiler house exhaust fans, average PM 2.5 was significantly higher (45.08 ± 13.7 µg/m 3 ) than the east control site but not the west control site (Figure 6 ). Though the average PM 2.5 at distances of 61, 91, and 152 m (200, 300, and 500 ft) are not significantly different, there appears to be a trend of decreasing concentrations as the distance from the broiler house increases, but no significant difference beyond 30 m (100 ft.) Some of the PM 2.5 concentrations reported in this study exceed the United States ePA's recommended levels for ambient air. The 24-h average PM 2.5 emission concentrations over the course of the study were 71.7, 45.1, and 36.3 µg/ m 3 for inside the house, 30 m, and 61 m respectively. All of these distances had PM 2.5 concentrations that exceeded the United States National Ambient Air Quality Standards PM 2.5 24-h limit of 35.0 µg/m 3 [19] . It should be noted, however, that during the 4 d with the highest concentrations in the data (August 5-8) concentrations at Athens were approximately 40 µg/m 3 , which also exceeded the ePA limit. The PM 2.5 concentrations reported in the current study are higher than previously reported PM 2.5 emissions [5] .
CONCLUSIONS AND APPLICATIONS
1. This study took place over the last 4 wk of the grow-out period of 8-wk-old birds in summer conditions on built-up litter (had been used for 2 previous flocks). These conditions represent the probable worst case scenario for broilers of this size grown in this type of housing. 2. Real-time particulate instrumentation was at the lower limit of its range and, thus, the variability of the real-time data made statistical analysis difficult; however, general trends that were observed in this data agreed with the gravimetric data, which did show some statistical differences. 3. The PM 2.5 concentrations were elevated at locations near the houses, but quickly dispersed to near background levels. Though fine particulates become entrained in air masses and can travel many miles (plumes from cities), the contribution from a small source, such as a poultry farm, seems to quickly be diluted or deposited on the ground within a short distance from the source. 4. Based on the data observed, the effect of background levels of particulate matter in the area appear to be a more significant factor than the contribution from the poultry houses at distances greater than 30 m from the houses. 
